The carcinogenicity database used for this paper originated in the late 1960s by the National Cancer Institute (NCO) and since 1978 has been continued and made more comprehensive by the National Toxicology Program (NTP). The extensive files contain, among other sets of information, detailed pathology data on more than 400 long-term (most often 24-month) chemical carcinogenesis studies, comprising nearly 1600 individual experiments having at least 10 million tissue sections that have been evaluated for toxicity and carcinogenicity. Using this data set we have a) deternmned the concordance in carcinogenic responses between rats and mice to be 74% and between sexes to be 85% (rats) to 87% (mice); b) discovered that using male rats and female mice would have identified correctly 95% of the positive or no evidence chemical carcinogenicity results obtained using the more extensive protocol; c) established a historical control file of tumor incidence data; d) evaluated the false positive rate in the interpretation of carcinogenesis studies, concluding that this rate is probably no more than 7 to 8%; e) compiled listngs ofchemicals having like carcinogenic target sites for each ofthe 37 organs or systems for which histopathoo diag s have been recorded routinely;J) demonstrated that evaluation ofsite-specific carcinogenic effects are preferable to doing analyses based on overall (all sites combined) tumor rates; g) learned that few chemicals cause only benign tumors or only liver tumors, the most common target site for chemically induced cancers; h) identified key sources ofvariability in tunor rates in long-termcarcinogenesis studies; i) asertained that corn oil gavage or gavageperse exhibits little, ifany, adverse impact on long-term studies;J) showed that the Salmonella multistrain assay was as good as a battery of four short-term in vitro tests for predicting in vivo carcinogenicity, yet was only 66% concordant with an 89% positive predictvity and a 55% negative predictivity; k) iN i the reationship between chemically induced toxicity and chemicaly associated carcinogenicity, finding that few chemicals cause tumors only at the highest exposure concentration. These (and other) derived compilations are most useful for maintaining a historic and objective perspective when evaluating the carcinogenicity of contemporary experiments and for identifying potential carcinogenic hazards to humans.
Introduction
Since the introduction ofexposing animals to chemicals in 1918 by Yamagiwa and Ichikawa for detecting chemical carcinogens (1, 2) , much has been learned about the relevance of these findings for possible effects in humans. Likewise, an enormous amount of knowledge has been gained over the years on how to design, conduct, monitor, evaluate, and interpret the data collected from these carcinogenesis studies (3) (4) (5) (6) (7) . Evaluating chemicals in laboratory rodents as surrogates for potential human health hazards remains the cornerstone for identifying those chemicals most likely to cause cancer in humans (8) (9) (10) (11) (12) (13) (14) .
Other than human experience and epidemiological investigations, long-term studies in laboratory animals are the most validated and universally accepted means to determine carcinogenic hazards to the public health and to the environment (e.g., 5, 6, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The major public health attribute ofthese longterm chemical carcinogenesis experiments is to allow better risk assessment (5, 9, 10) and risk management decisions (23, 24) to be made for reducing, preventing, or eliminating exposures to those chemicals identified as constituting real risks to humans (25) (26) (27) . The findings from these long-term studies assume a major role in the key first step in the risk assessment-risk management process and a contributory part in the second step of the process (9,23,24) ( (25, 28, 29) periodically re-evaluates all those chemicals or agents having available human data, and these consensus findings and rationale are published in supplements that contain groupings ofchemicals and agents considered to be carcinogenic, probably carcinogenic, or possibly carcinogenic to humans, along with those chemicals not classifiable or probably not carcinogenic to humans (25) . Similarly, and as mandated by the U.S. Congress, the Department of Health and Human Services via the U.S. National Toxicology Program (NTP) evaluates the available data and places chemicals into one of two categories: known human carcinogens and those reasonably anticipated to be human carcinogens (27) . Once (30, 31) . The NTP continues these efforts, and about 250 more technical reports have been issued or are in press (11, 32) . These data and various subcombinations form the bases for this overview paper. Parts of this overview come from our previously reported and published analyses and interpretations. For readers wanting more details and perhaps larger bibliographies, please consult the references given at the end of this paper. Most ofthe papers authored by us or the individual printed technical reports on the chemical carcinogenesis studies are available upon written request.
The overriding aim for doing these individual and collective analyses comes from the never-ending need to more completely understand the fundamental biological principle that extrapolation ofexperimental and epidemiological findings among the mammalian kingdom is sound science. The ulfimate value of these data and resultant interpretations will continue to allow more knowledgeable public, occupational, and environmental health decisions.
Materials and Methods
The chemical carcinogenesis data given in this paper come from the NCI and NTP Technical Reports Series, which describe the results oflong-term studies in rodents (11, 32 (5, 10) .
These toxicology studies are typically carried out using both sexes oftwo species ofrodents divided randomly into sets of50 to 60 animals per group; a control group and two or three exposure concentrations are graduated down from a carefully selected top level (3, 5, 6, 11, 19, (33) (34) (35) (11, (30) (31) (32) 36, 37 (25, 26) and into the group of substances reasonably anticipated to be carcinogens (27) . A prime value of these results permits identification ofthose chemicals considered 
Species Correlations
In these studies, similar results are observed in both species 74% of the time, and the concordance between sexes within a species ranges from 85% (rats) to 87% (mice) ( we had used a reduced protocol ofonly one-halfthe experimental groups? Using male rats and female mice, the answer was that 96% ofthe chemicals would have been correctly matched to the positive or negative result of the more extended experimental protocol (10) . Importantly however, 13 chemicals causing single sex-species positives in either female rats (four) or in male mice (nine) would have been missed, as would 2 chemicals causing carcinogenic effects in both female rats and in male mice ( Table   Table 4 3). For all 15 chemically associated responses, there were only single target organs per sex-species (not considering here equivocal responses), and for only one chemical was the target site sex-specific (uterus).
The major questions that arise from this retrospective evaluation center on whether using this modified protocal in the future on the next group of400 equally diverse chemicals would a) permit the same percentage ofcorrect responses and b) allow us not to miss any potential carcinogenic hazards to humans. While we contemplate answers to these questions, perhaps one could consider using a modified protocol for certain structural certainties; that is, if an organization had to study a certain nitrosamine, a benzidine or anthraquinone dye, or an aniline compound, for example, then a modified protocol could be possible. For "unknown" chemicals, one would be wise to remain with the historically and currently acceptable paradigm ofboth sexes of two rodent species.
Historical Control Tumor Data
Although when evaluating long-term chemical carcinogenesis experiments, the most appropriate control group for comparative and interpretative purposes is always the concurrent control, there are instances in which the use ofhistorical control information can aid an investigator in the overall evaluation oftumor incidence data. One example is for rare (or uncommonly occurring) tumors; another is for a tumor type that shows a marginally significant chemically related increase relative to concurrent controls.
The NTP historical control tumor data file is a "moving window" of studies conducted within approximately a 4 to 5 year time period, and it is updated approximately twice a year. Thus, as new data are entered, the oldest data are removed (but of course not discarded). Periodically, control tumor rates are published for informational purposes (43) (44) (45) .
The extensive NTP database is an important and frequently used source ofinformation on historical control tumors, and in some respects differs from others in that a) typically the tumor diagnoses and therefore incidence data have been verified by comprehensive quality assurance and pathology review procedures, b) tumor diagnostic nomenclature and criteria across experiments and laboratories are consistent, and c) these data come from one source (albeit several laboratories conduct the studies and record the initial tumor diagnoses), whereas other available tumor databases often come from myriad locations. In each NTP Technical Report, the relevant historical control tumor incidence data are given for all tumors showing possible chemically related effects. Most important are relatively recent studies carried out at the particular study laboratory. Investigators from industry and other governmental agencies also frequently request use ofthe historical control database so that they can better interpret and compare the background tumor data of their own studies.
False Positive and False Negative Rates
In long-term chemical carcinogenesis studies, approximately 30 to 40 different tissues or organs are examined for possible carcinogenic effects in male and female rats and mice. Under these conditions it is not unusual to find statistically significant changes in tumor incidence that merely reflect random variability. Our database provides a unique opportunity to examine the pattern and frequency of site-specific tumor incidences, and to estimate the likelihood offinding statistical differences by chance alone.
For example, Haseman (46) examined the false positive rate in NTP studies by deriving a statistical decision rule that closely approximated the complex scientific judgment process used in the evaluation of these studies. This "rule" (useful as a guideline, but should not be applied rigidly) is to declare an increase in the incidence in a commonly occurring tumor to be biologically significant ifthe uppermost exposure level incidence compared to controls is significantly different at the p < 0.01 level. For an uncommonly occurring tumor (background rate less than 1 or 2 %), a p < 0.05 increase is typically required. From this evaluation, the false positive rate associated with this decision rule was demonstrated to be no more than 7 to 8%, implying that the false positive rate in NTP studies is reasonably well controlled. Coupled with biological significance, possible mechanistic relevance, an overall historical perspective, and public peer review, we believe that false positives results have been minimized in our program. A more difficult public health issue that has rarely been considered is the false negative rate within these relatively insensitive assays. Perhaps this will receive more attention in the future.
The NTP database is also quite valuable for the study of statistical decision rules, particularly those that require knowledge ofthe incidence and variability ofhistorical control data. Although such rules should not be rigidly applied, as noted above, these statistical methods may be useful in that they employ a formal multiple comparisons adjustment to limit the overall false positive rate. For a discussion of statistical decision rules that might be used in the evaluation of laboratory animal carcinogenicity studies, see Haseman (47 (48) . Thus, the interpretative emphasis should continue to be on site-specific effects.
Site-Specific Neoplasia
Using the NCI/NTP data set we have compiled listings of chemicals having like carcinogenic target sites for each ofthe 34 organs or systems for which histopathology diagnoses have been recorded routinely (49) . The most common tumor site is the liver (15 % of all experiments) (50), followed in rank order by lung; hematopoietic system and kidneys; mammary glands; forestomach; thyroid glands; Zymbal glands; urinary bladder; and skin and uterus (Table 5 ) (49) . These compilations are most useful for maintaining a historic perspective when evaluating the carcinogenicity of contemporary experiments. Equally important, the chemical-tumor-organ connection permits an evaluation ofhow well chemically induced cancers in a particular organ in one sex or species will predict or correlate with the other sex or species. Using liver cancers as an example,the overall interspecies concordance is 80%. Likewise, target-site predictions can be made for chemicals selected for study that may be similar to those already evaluated; thereby experimental protocols could be adjusted to allow for example more extensive pathology on preselected target organs (i.e., serial sections ofthe kidney). Further from these observations, one could decide to use two strains ofmice to evaluate a short-chain chlorinated aliphatic compound or to study a human carcinogen in a sex-species known to develop chemically induced tumors in the same site observed in humans. Structural classes ofchemicals having a propensity for certain organs can be easily identified from these data. Sexspecies responders to particular chemically induced cancers, such as the kidney in male rats, can be recognized at a glance.
Like humans, the top 10 sites ofcancer are somewhat different between the sexes of rodents. Yet when compared among the mammalian species in general (including humans), the sites and rankings are remarkably similar (10, 12, 20, 49) .
Site-Specific versus Total Tumors
Using a subset of 81 carcinogenicity studies, we evaluated the issue ofinterpreting the tumor incidence results based on the proportion ofanimals with primary tumors (all sites) or the proportion of animals with malignant neoplasms (all sites) compared to analyses of site-specific carcinogenic effects (48) . Less than half of the 45 chemicals considered to have induced a carcinogenic response in at least one site in one sex-species experiment showed a significant increase in the incidence ofprimary tumors combined (22 chemicals) or malignant tumors combined (21 chemicals). Among the 29 chemicals interpreted as not carcinogenic based on site-specific effects, two showed significant increases in overall tumor incidence. Thus, consideration ofoverall tumors rates seemingly masked several important sitespecific effects, while identifying only two additional chemicals apparently missed by using site-specific analyses. These latter two "carcinogenic responses" were not considered to be biologically relevant (48) .
In our opinion, at least two major problems are associated with an evaluation based on overall (all sites) tumor rates: combining tumor types of varying morphologies and topographies is Thus, only 5 of the 143 chemicals evaluated induced benign neoplasia alone (3.5 %), and those observed benign neoplasms are known to progress to malignancy (51, 52) . Accordingly, we consider chemically induced benign neoplasia to be an important indicator ofa chemical's carcinogenic potential in rodents, and believe these should continue to be made an integral part of the overall weight-of-the-evidence evaluation process for identifying potential human health hazards.
Sources of Variability
A major advantage of an extensive historical control database is that it allows an examination of trends in tumor incidence (and other potentially changeable biological parameters) over time and within and between laboratories, thereby permitting the identification of important sources of variability. This information is useful in the design of long-term chemical carcinogenesis studies and may allow the investigator to address what would otherwisebeconfounding factors in the evaluation and interpretation ofthe data. Potential sources ofvariability includethe animal room environment, longevity and survival patterns of animals, dietary factors, and differences related to pathology (4, 53) .
For example, we learned that the Fischer 344 rats used in our program have shown a steady increase in the background rate of certain commonly occurring neoplasms (e.g., leukemia, and for certain glandular organs such as pituitary, mammary, thyroid, and adrenal glands), together with a decreased survival and an increased body weight (54) . A review of slides from early and relatively recent studies identified possible reasons for these shifts. (Every slide from every study is kept in a security archives that allows these historical comparisons and also permits others to view slides to verify our diagnoses; for at least 10 years after a study is reported, the tissues and remaining organs from each animal are retained in case new slides are needed.) The possibilities include a) changes in histopathology diagnostic criteria over time, b) changes in the amount oftissue examined, c) intra-and interlaboratory variability, and d) dietary factors; i.e., the incidence of certain neoplasms (particularly endocrine system and mammary gland tumors) are known to be positively correlated with body weight; differences in protein content influence kidney lesions in the rat.
A similar investigation in B6C3FI mice (55) did not reveal the same striking time-related changes as seen in rats. The only notable change was an increased incidence of pituitary gland neoplasms in female mice in the more recent studies, which may have been associated with increases in the amount of pituitary gland tissue examined. Additional investigation revealed that liver tumor incidence in mice (particularly in females) was highly correlated with body weight (53) . Another factor that might have influenced body weight (thereby perhaps indirectly affecting liver tumor incidence) was a program change in protocol made in 1984 that resulted in mice being housed individually rather than in groups (56) .
Our investigationofsources ofvariability will likely lead to certain other suggested changes in experimental protocol or design. For example, an alternative diet containing (among other modifications) less proteinand more fiber is being studied and will probably be adopted in the near future. This should improve survival and reduce tumor rates by limiting the weight gain of the animals, as well as reducing the amount and severity ofproteinassociated lesions inthe rodentkidney. We havealsogainedabetter understanding ofthe valueand limitations ofhistorical control data in the overall assessment oftumor incidence (mentioned earlier).
Routes of Exposure
The optimum route of exposure for chemical carcinogenicity experiments should be one that most closely mimics the major human exposure route; this is not always possible, but the attempt should be made. Historically, chemicals have been administered by a single route ofexposure: usually in the feed (60% ofthe time for the data base ofthe nearly 400 studies we evaluated), but also by oral intubation (27 %), by inhalation (5 %), by application to the skin (3 %), by intraperitoneal injection (3 %), or in drinking water (2 %) (10). Intubation is generally used for administering unstable, volatile, or reactive chemicals. Microencapsulation is a newly developed technique for administering these agents in feed and will generally be used to replace the gavage technique (57, 58) . This database permits an evaluation ofthe possible effects of route of administration on carcinogenic response.
Since oral gavage frequently employs corn oil as the vehicle, a question ofparticular interest was whether or not corn oil affects tumor incidence. To answer the question, a comparison was made oftumor rates in untreated (or basal diet) controls and corn oil gavage controls, taking into account any interlaboratory variability and time-related trends. Haseman et al. (44) found that corn oil has no apparent effect on tumor incidence in male and female B6C3F, mice or in female F344 rats. In male F344 rats, however, corn oil was associated with a decreased incidence ofmononuclear cell leukemia from approximately 27 to 14% and an increased incidence ofacinar cell tumors ofthe pancreas from approximately 0.2 to 4.4%. These changes appeared related to corn oil rather than to the gavage technique itself because controls from gavage studies using water as the vehicle showed a tumor response for leukemia and pancreatic acinar cell tumors similar to that observed for untreated basal diet controls. Interestingly, acinar cell tumors ofthe pancreas were not affected uniformly because contemporary controls administered corn oil from the identical batch did not show similar increases. Further, ifthe two control groups with the largest average body weights are removed from the analysis, the difference for pancreatic tumors between basal and corn oil controls is no longer statistically significant.
A long-term study was designed to evaluate the influence of various levels of corn oil and of select other oils (sesame seed, sunflower seed, and tricaprylin) on the carcinogenic potential in F344 rats. Preliminary results strongly confirm both of the effects noted above. Our increased understanding ofthe impact (or in most cases, the lack of impact) ofcorn oil gavage on tumor incidence increases our confidence in the interpretation of studies using corn oil as the vehicle (and gavage as the route of administration). These results may also have implications concerning possible dietary changes to increase the survival ofF344 rats (leukemia is the leading cause of death in these animals).
Predicting Carcinogenicity with Genetic Toxicity Assays Four widely used in vitro genetic toxicity assays mere evaluated to determine their individual and collective concordance with the carcinogenicity of a number of chemicals. The end points and short-term assays were mutagenesis in Salmonella typhimurium and in mouse lymphoma cells and chromosome aberrations and sister chromatid exchanges in Chinese hamster ovary cells. The original investigation with 73 chemicals (59) has been followed up with an additional 41 chemicals (60-63).
Results from both studies were similar and are summarized in Table 6 for the combined 114 chemicals. Salmonella performed best among the four short-term tests, achieving a 66% (75/114) concordance, an 89% (32/36) positive predictivity, and a 55% (43/78) negative predictivity of carcinogenicity. Chromosome aberrations also showed a significant association with rodent carcinogenicity, but none was observed for the sister chromatid exchange or mouse lymphoma assays.
Although the performance of individual short-term tests was ofinterest, the primary focus ofthe investigation was whether the performance of individual short-term tests for predicting carcinogenicity could be improved by using a battery oftwo or more tests. Importantly, these data demonstrate, at least for these assays and for this particular 114 chemical data set, that there was no evidence ofcomplementarity among the four short-term tests, and no combination constructed from these assays improved substantially the performance over the Salmonella multistrain assay alone.
These Of the 127 positive sex-species experiments that used multiple doses, 54 (43%) produced statistically significant increases in tumor incidence only at the top dose. However, in 78% (42/54) ofthese experiments the incidences ofsite-specific tumors in the lower-dose groups were also numerically elevated relative to controls and were considered to be biologically relevant. Thus, only 9% (12/127) of the carcinogenic effects appeared to reflect a "high-dose only" response. Moreover, no apparent difference in mutagenicity as measured by the Salmonella assay was observed between high-dose only carcinogens and the entire set of chemical carcinogens. In a subsequent correlational analyses of an additional 31 chemicals, the results substantiate those summarized above (65, 66) .
Although cell proliferation and its possible impact on carcinogenic response were not assessed directly, these results nevertheless suggest that only a relatively small percentageofchemical carcinogens can be identified as possibly acting through an indirect or secondary mechanism. Thus, any attempt to develop generic regulatory policy for chemical carcinogens based solely on the use of2-year rodent studies to differentiate between "primary" and "secondary" carcinogens will likely be ineffective and/or inaccurate unless specifically backed by relevant mechanistic studies (64) . Melnick (67) evaluated the available information on the influence ofcell proliferation (or mitogenesis) on the carcinogenic process in rodents. Although cell proliferation has long been known to have a role in chemically induced tumor development, Melnick (67) concluded that a correspondence between sustained cellular proliferation and carcinogenic response has notbeen demonstrated adequately to support the hypothesis that chemically induced cell proliferation causes liver cancer. Further, theproliferative response resulting from exposuretomany "nongenotoxic " carcinogens is not at all well sustained, yettheelicitationofacarcinogenic response by these chemicals often requires aprolonged exposureduration. Thus, much more research needs to be accomplishedbefore any basic axiomsaboutthis important issuecan be established (68 In our opinion, the data from these studies together with our experience over the years permit us to make the following conclusions (not given in any particular order):
1. In conclusion, much has been learned from these largely observational studies that permits us to make the above statements, all ofwhich are based on the data and facts garnered from the extensive chemical carcinogenesis database developed in sequence by the National Cancer Institute and by the National Toxicology Program. This database is unique in the sense that not only is it the single largest available collection of programgenerated chemical carcinogenesis facts and figures, but it is perhaps the only system containing carcinogenesis (and other) data obtained from experiments that have been conducted and evaluated using a reasonably consistent core ofdesign protocols, histopathological diagnostic criteria, and interpretational guidelines (all of which have been established and honed by us over the years to keep reasonable pace with new and relevant scientific advancements).
Another unique character of our data collection and complementary pathology archives of tissue specimens and histopathology slides is that we make the original data and slides available to others to use in any way they wish. We also invite individuals and organizations to study and scrutinize the raw data and tissue specimens and sections that represent the actual experimentally generated information sources of the database.
Staff consistency and balanced scientific standards, together with a public peer review process and a keen awareness of the public health ethos must also be considered unique, desirable, and supportive of the value of this particular data collection.
